Abstract. The winter polar ionosphere, under southward interplanetary magnetic field (IMF) conditions, experiences irregularity development leading to consequences such as scintillation on transionospheric communication links. These irregularities are associated with antisunward convecting polar ionospheric patches. The gradient drift instability (GDI) has been considered a primary candidate for the generation of these irregularities, or at least the long-wavelength energy source of the irregularity-wave cascade process. The Utah State University time-dependent ionospheric model (TDIM) enables the polar cap ionosphere and its patches to be modeled on a large scale in a time-evolving manner. Hence, at each point in space and time, the TDIM has adequate information to compute the growth rate of the gradient drift instability. The spatial gradients are based on a 92 x 92 km TDIM grid resolution, while the time resolution can be as short as 30 s. In this study, we present results of the GDI linear growth rate calculations for the F region. For a first time, snapshots of the instantaneous GDI linear growth rates over the polar ionosphere are shown. These show, in part, the correlation of the GDI with polar cap patches. Then we present the time evolution of the linear growth rate as plasma flux tubes convect. It is shown that a flux tube of plasma can, in fact, change between being unstable and stable to the GDI as the plasma convection pattern switches in response to changing IMF conditions. These convective results are essential information if an assessment of whether or not a plasma flux tube is stable to the gradient drift mechanism is to be made.
Introduction
Radio propagation through the high-latitude ionosphere, especially in winter, is known to be adversely affected by ionospheric scintillations. These scintillation effects are associated with irregularities in the F region ionospheric densities that cause radio signal fading or even total dropout of satellite transmission [Liszka, 1961; Maude and Pramanik, 1967] . The ionospheric irregularities themselves are the result of plasma instabilities that can grow in the winter F region plasma. Although the irregularities associated with HF scintillation effects are subkilometer scale, irregularities in the electron density exist at all scale lengths up to hundreds of kilometers. In the winter polar ionosphere, plasma conditions are known to be suitable to drive the gradient drift instability (GDI). This is an instability two, and three dimensions (3-D) as well as the effect of coupling to other regions along magnetic field lines. Linson and Workman [1970] derived the 1-D collisional regime GDI growth rates, while Ossakow et al. [1978] derived the 1-D inertial regime growth rates. Both these GDI analysis were done for the short-wavelength case. Huba and Zalesak [1983] modified these growth rates for the 1-D long-wavelength case. The short-wavelength case refers to GDI operating at a wavelength much smaller than the electron density scale length. A series of studies were carded out to study the GDI in 2-D Keskinen, 1984; Mitchell et al., 1985] . The effects of a full 3-D GDI evolution were pioneered by Keskinen and Ossakow [1982] . These higher-dimensional studies not only made the growth rate formulae more complex but also introduced dependencies that tended to slow (dampen) the GDI growth rates. Recently, Chaturvedi et al. [1994] considered the effect of coupling to the E region on the GDI. Their findings indicated that if the E region conductivities are significantly larger than the F region Pedersen conductivity, the E region effectively shorts out the GDI. This would be the case for the polar ionosphere in summer. However, in the winter polar ionosphere the E region is particularly depleted and hence would not short out the GDI. Guza•r et al.
[1997] have carded out 3-D modeling of the F region GDI using realistic geometries and plasma parameters. They find that the 1-D growth rates are much too fast and that long-wavelength modes tend to be stabilized.
Again, these findings refine our knowledge and ability to estimate or predict GDI growth rates based on knowing the F region density structure.
The association of the GDI mechanism with the RF scintillations and mesoscale plasma structures has an extensive history. Kelley et al. [1982] identified the role of the GDI, while Tsunoda [1988] reviewed plasma irregularity research and brought together the GDI scenario discussed in the present work. Basu et al.
[1990] undertook an extensive study using DE 2 satellite in situ plasma and electric field observations to evaluate the electron density irregularity power spectrum with patches and also electric field fluctuations. These were then compared successfully with the model calculations of Keskinen and Huba [1990] . An extensive study of how scintillations are correlated with patches in the polar cap was carded out by Basu et al. [1994] . In the Basu et al. study, ground-based observations of the F region as well as the scintillation were made at Sondrestrom and Thule, Greenland. These studies find that the GDI, patches, and scintillations are all consistent aspects of the above scenario for high- Subramanium [1996] extended this modeling work to develop global snapshots of the GDI growth rates over the polar F region based on TDIM patch simulations. This thesis study by Subramanium forms the basis of this paper; however, the consequences of his work are somewhat extended to raise questions concerning the whole patch-scintillation scenario not before asked. The ionospheric patch-GDI model used by Subramanium [1996] is described in section 2, while the GDI growth rate results are presented in section 3. In section 4 the ramifications of these results in relation to the patch-scintillation scenario are discussed. The paper concludes with an outline of the elements needed to generate a first principles predictive/specification model of high-latitude scintillations. Subramanium [1996] Keeping the convection pattern fixed for hours is unrealistic. Hence with the convection pattern changing on timescales of tens of minutes and a GDI growth time of the order of minutes to tens of minutes, it is probable that a plasma flux tube will undergo changes in the GDI growth time before the instability has time to undergo several e-foldings. Thus to study the evolution of the GDI instability it is insufficient to estimate a time to linear (or nonlinear) saturation based upon a single snapshot value of the growth rate. Rather, the history of the growth rate associated with a plasma region must be followed to allow for the varying GDI growth rate history to be included. Worse yet is the fact, as shown in the change from 2135 to 2145 UT, that the growth rate can become stable and the GDI would begin to decay instead of grow. This situation can only be handled by following the plasma and integrating its GDI growth/decay history. These density gradients are computed from a TDIM configured in a climatological mode. The neutral atmosphere and auroral precipitation are empirical models, while the convection pattern is represented by a sequence of three climatological convection patterns. In this study, no special properties have been associated with the cusp region, i.e., no dynamics on flux transfer event temporal and spatial scales and no structured cusp precipitation. All of these dynamical and structured systems would have produced density gradients on even smaller scale sizes. Hence a first consequence of this study is the demonstration that even at this coarse climatological level the model successfully drives the GDI.
Ionospheric Patch-GDI Model
Probably of more significance is that this study is providing energy at large wavelength values for irregularities that are known to have a power law spectrum. Basu et al. [1990] and others have noted that the irregularity spectrum has a well-defined power law k spectrum and that the power law index is well represented by-1.8 + 0.2 at wavelengths greater than 1 km. The irregularities associated with the scintillation problem are those with small wavelengths. The inference of this study at large wavelengths to those at small wavelengths probably involves a cascade process in which energy at long wavelengths cascades to small wavelengths. In terms of irregularity scale lengths the energy process begins at the long wavelength with large-scale structures, and as the instability grows these large-scale structures steepen and distort feeding instabilities of smaller wavelength. At the initial long wavelengths the density structures associated with the GDI are relatively immune from cross-field diffusion processes that dissipate energy. However, this is not the case at the shortest wavelengths, where cross-field diffusion would be important. Such energy loss processes and dissipation would lead to a reduction in growth rates. dimensional growth rates are at best upper limits to the growth rate of the GDI in light of these higherdimensionality studies. However, because this study used a climatologically driven TDIM to calculate density gradient scale lengths, it could also be argued that steeper density gradients would be generated if more complex electric field, auroral precipitation, and thermospheric drivers are used. If so, then the present growth rates would be viewed as a lower limit. Clearly, the situation is quite complex, and much more work needs to be done to assess how these competing growth rate processes offset each other. A next step that can readily be implemented is to develop a parameterization of the effect those higher-dimensional growth rates have, i.e., at each of the TDIM GDI grid points a more realistic GDI growth rate can be computed. In this way the dissipation and cascade processes associated with the irregularity power spectrum can be evaluated. The inclusion of greater, but still realistic, plasma structuring into the TDIM is not so easy to carry out. This requires greater spatial resolution or time resolution in the model inputs. Many observational data sets of in situ plasma or remote sensing plasma measurements have been made that contain information on the degree of plasma and electric field structure that exists. These could potentially provide a starting point for evaluating how irregular the ionosphere is in the cusp region prior to the flux tube transport across the polar cap. From these studies, not only will it be possible to evaluate how realistic the present TDIM GDI growth rates are, but also from a scintillation viewpoint it will be possible to establish a starting Ane/n e at various scale sizes upon which the GDI would grow. This final step is critical if the long-term quantification of scintillation intensity is to be computed.
Conclusion
The study of Subramanium [1996] provides the first first-principles maps of the GDI growth rates at high latitudes. On the basis of this study, which used the TDIM ionosphere and the 1-D GDI growth rate equations, the following conclusions can be drawn:
1. Associated with the TOI and patches, 1-D GDI growth times as short as a minute were found.
2. As the convection electric fields change, on timescales of tens of minutes the majority of GDI unstable regions will undergo less than a few e-folding growths.
3. The previous conclusion implies that snapshot maps of the GDI growth rates are insufficient to determine if the plasma has become significantly irregular or if the instability has saturated. 4. The past history of the plasma, specifically the history of the GDI growth rate or decay rate, is needed to make these deductions.
The role of higher-dimensional GDI growth rate studies is a crucial modifier to this study. These slower growth rate inferences need to be parameterized such that the TDIM GDI model can readily incorporate them and hence evaluate the more probable GDI growth rates. Similarly, the role of cusp small-scale processes in structuring the ionosphere prior to the plasma crossing the polar ionosphere needs to be evaluated. These structures would provide a An e/n e starting condition for scintillation calculations as well as yield larger growth rates because of steeper density gradients.
Follow-on work to develop a space weather test bed of the TDIM GDI system is under way. The effects of the higher-dimensionality growth rates, the cascade processes to lower wavelengths, and the inclusion of a more realistic cusp ionosphere are all aspects of this work. The eventual goal of generating scintillation maps, however, requires a more detailed understanding of how to integrate the past history of growth and decay rates. This aspect provides a unique new scientific challenge and will be pursued in collaboration with GDI experts.
